The retina of the honeybee drone is a nervous tissue in which glial cells and photoreceptor neurons constitute two distinct metabolic compartments. The phosphorylation of glucose and its subsequent incorporation into glycogen occur essentially in glia, whereas 02 consumption occurs in the photoreceptors. After [3H]glucose loading of superfused retinal slices, light stimulation induced a significant rise in [3H]glycogen turnover in the glia. This occurs without a concomitant covalent modification of glycogen enzymes. Probably only an increase or a decrease of the availability of [3H]glycosyls that are incorporated into glycogen is necessary. As only photoreceptors are directly excitable by light, we searched for a signal that stimulates glycogen metabolism in the glia. Although K + in extracellular space and glia increases after repetitive light stimulation, increasing bath K ÷ in the dark did not mimic the metabolic effects of light, despite an equivalent increase of K + in the extracellular space and glia. We subsequently explored the role of cAMP, a universal intracellular second messenger. Exposure of retinal slices to the adenylate-cyclase activator forskolin induced an expected increase in the rate of formation of cAMP, but only partially mimicked the metabolic effects of light. Furthermore, light stimulation failed to induce a rise in the rate of formation of cAMP. We conclude that in this nervous system, without synapses, neither K ÷ nor cAMP mediates the effect of light stimulation on intraglial glucose metabolism.
INTRODUCTION
Nervous tissues are made of neurons and glial cells. The first thorough and direct study on the physiological properties of the glial cell was made by Kuffler and collaborators on the nervous system of the leech and of the mudpuppy (see Kufller and Nicholls, 1976) . The essential information provided by these studies was that the membrane of the glial cells behaves passively in response to the stimulation of neurons as a "perfect K + electrode" (Kuffler, Nicholls, and Orkand, 1966) . Since neurons and glial cells are separated from each other by extracellular space, Kuffler and Nicholls (1966) hypothesized that neurons transmit signals to glial cells by releasing K ÷ into the extracellular space during excitation. Coles and Tsacopoulos (1979) were the first to measure K + activity with microelectrodes in the three compartments of nervous tissue (i.e., neuron, glial cell, and extracellular space). Their measurements confirmed to some extent the above hypothesis by showing that the stimulated neurons (the photoreceptors of the honeybee drone retina) release K + ions that transiently accumulate in the extracellular space and depolarize the membrane of the glial cells. In the course of these studies two important and related questions were raised. The first was do glial ceils respond metabolically to potassiummediated depolarization and does their metabolism play a role in supplying nutritive material to neurons? Increased extracellular K + (14o) does indeed affect carbohydrate metabolism in both glia and neurons of the isolated ganglia of the leech and mouse cerebral cortex (Pentreath and Kai-Kai, 1982; Hof, Pascale, and Magistretti, 1988) . However, these results appear complex since these nervous tissues contain synapses and it is conceivable that elevated K + causes the release of neurotransmitters that, in turn, induce glycogen hydrolysis. Since the drone retina has no synapses (see Perrelet, 1970) , we are concerned only with a direct effect. In addition, the superfused slices of drone retina appear to be the adequate model for exploring the role of K + in the metabolic interactions between neurons and glial cells tbr two reasons. First, the investigation of ionic interactions between neurons and glia, and more particularly of K + homeostasis, has been more direct and carried further in the drone retina than in vertebrate nervous system preparations (Coles and Tsacopoulos, 1979; Coles and Orkand, 1983 ; for review, see Coles, 1989) . Second, the separation of metabolic functions between glial cells and photoreceptors is complete: photoreceptors contain large numbers of mitochondria and have a very active aerobic energy metabolism (Tsacopoulos and Poitry, 1982; Dimitracos and Tsacopoulos, 1985; Jones and Tsacopoulos, 1987) ; in contrast, glial cells contain > 250 times fewer mitochondria than the photoreceptors (see Fig. 1 in Dimitracos and Tsacopoulos, 1985; Tsacopoulos, Coles, and Van de Werve, 1987 ) but large quantities of glycogen 13 particles (Perrelet, 1970; Tsacopoulos et al., 1987) . Photoreceptors do not contain glycogen; it is undetectable in electron micrographs (Perrelet, 1970; Baumann, 1974; Coles and Tsacopoulos, 1981; Baumann and Walz, 1989; Coles, 1989) and histochemical staining is negative . Experimental evidence suggests that glucose itself is not a substrate for the photoreceptors: first, :~H-2-deoxyglucose (3H-2DG) autoradiography and biochemistry show that the phosphorylation of this glucose analogue, irrespective of intense light stimulation or darkness, occurs predominantly in glial cells. Under these experimental conditions, radioactivity of :~H-2DG-6P in photoreceptors was not higher than the extracellular background radioactivity (Tsacopoulos, Ev6quoz-Mercier, Perrottet, and Buchner, 1988 ; Brazitikos and Tsacopoulos, manuscript submitted for publication). Second, superthsion of isolated drone retinas with Ringer carrying high levels of 2-DG does not affect oxygen consumption by photoreceptors, as one would expect if hexokinase were the first enzyme in photoreceptor metabolism . Thus, based on these arguments we have concluded that in superfused slices glycogen metabolism and its stimulation by light also occur predominately in the glial cells Tsacopoulos et al., 1988) .
M E T H O D S

Preparation of Slices
Retinal slices (250-300 p~m thick) were prepared as described in detail by Tsacopoulos et al. (1987) . Briefly, two parallel cuts with a vibrating razor blade were made parallel to the ommatidia in the dorsal region of the retina. Slices incubated at room temperature in Ringer solution equilibrated with 100% 02 (containing 270 mM NaCI, 10 mM KC1, 10 mM MgCI 2, 1.6 mM CaC12, 10 mM Tris buffer at pH 7.4), were well oxygenated throughout (Tsacopoulos, Poitry, and Borsellino, 1981) (Fig. 1) . The viability of the preparation was checked by measuring with Oz-sensitive microelectrodes the decrease in partial pressure of 02 in the tissue induced by intense light stimulation during superfusion (see Tsacopoulos and Poitry, 1982) .
Uptake of [3H]Glucose and Incorporation into Glycogen
Slices were incubated in the dark for 15, 30, 45, 60, and 90 min in oxygenated Ringer solution carrying 24 p,M of glucose (400 p~Ci/ml of u[5-SH]glucose; New England Nuclear, 15.7 FIGURE 1. Schematic representation of an important step in the experimental procedure: incubation of the slice with labeled glucose (A), and separation of two retinas in a slice after the incubation (B). The height of the microwell is 12 mm and internal diameter 6 mm (supplied by Nunc, Roskilde, Denmark). The taper was made from PVC. The cut was made on the chitinous tissue, thus the retina was not damaged.
Ci/mmol). After each period of incubation, the total radioactivity in the homogenate of the retina and the radioactivity incorporated into glycogen were measured. The radioactivity incorporated into glycogen increased roughly linearly and in parallel with the total radioactivity for up to 90 min of incubation (Fig. 2 B) . There was no sign of saturation for incubation times up to 60 rain. After this time of incubation the average radioactivity was 1.14 ± 0.07 x 10 6 cpm/mg dry weight (dw) (mean _ SEM, n = 20). A small fraction (22.24 ± 5.26 x l0 s cpm/mg dw, i.e., ~ 2%) was incorporated into glycogen. For the experimental procedure we chose to incubate the slices for 60 rain.
Experimental Procedure
Retinal slices were maintained in darkness and loaded by incubation (60 rain) in Ringer solution carrying D[5-SH]glucose (Fig. 1 A ) . Slices were then rinsed for ~ 30 s in substrate-free Ringer solution to remove [~H] glucose adhering to the surface. In most experiments the two retinas in a given slice were separated (Fig. 1 B) : one was frozen immediately and used as a control, whereas the second was placed in a chamber and superfused with fully oxygenated glucose-free Ringer solution either in the dark or under stimulation by light flashes or continuous light. As described in Results, in some experiments the superfusate contained either 20 mM of K + and 260 mM of Na ÷, or 50 IxM dinitrophenol (DNP) (Fluka Chemie, Buchs, Switzerland), or 10 -4 M forskolin (Sigma Chemical Co., St. Louis, MO). After 15, 30, or 60 min of superfusion the second retina was also frozen in a chilled propane-isopentane mixture, lyophilized, dissected from the brain (see Tsacopoulos et al., 1987) , weighed (~ 120 I~g per retina), and homogenized by sonication in 300 I-d of 1M HC104. The total radioactivity was measured in aliquots of homogenate by liquid scintillation counting. The label incorporated into glycogen was measured following a specific extraction described elsewhere (Ev~quoz, Stadelmann, and Tsacopoulos, 1983) . The results were expressed as the ratio between cpm'mg -~ dw in the experimental retina and cpm-mg -~ dw in the control retina.
High Pressure Liquid Chromatography (HPLC)
Deproteinated homogenates of the retina were analyzed by HPLC on an anionic-exchange column (Aminex HPX-87H; Bio-Rad Laboratories, Richmond, CA) at 22°C and at flow rate of 0.3 ml/min using a 420 Kontron pump. The elution solvent was 0.01 N H2SO 4 or H~O.
Fractions were collected every 30 s. For identification of the peaks, standard solutions of 14C-labeled glucose, glucose-6P, glycerol-3P, lactate, and pyruvate (New England Nuclear, Boston, MA) were used. We mention here briefly the basic experiment that lead to the identification of the [3H]trehalose peak. This is important because in a previous paper we made an erroneous interpretation of the chromatograms; the HPLC method used then in our laboratory did not allow a good separation of the phosphorylated products of glucose. As shown in Results, the separation is now excellent and several lines of evidence strongly suggest that the peak eluted between glucose-6P and glucose (both identified) corresponds to trehalose. The fractions corresponding to the suspected trehalose peak were collected, frozen, and lyophilized. The residue was dissolved in water and incubated 60 rain at 37°C with a solution containing the enzyme trehalase, which degrades specifically trehalose to 2 molecules of glucose, and was analyzed again by HPLC. This time the peak appeared at the position of glucose as expected if the collected fractions contained only trehalose.
Enzyme Assays
For the determination of enzyme activity the retinas were homogenized in a glycyl-glycine buffer (10 raM, pH 7.4) containing 0.1 M NaF, 10 mM EDTA, 0.5% glycogen, and 0.005% Triton X-100.
Phosphorylase a activity was determined as described by Van de Werve, Van den Berghe, and Hers (1974) with some modifications. Briefly, 40 [~1 of the retinal homogenates was mixed with 40 ~1 of reagent containing 0.1 M glucose I-P (pH 6.1), 2% glycogen, 0.2 M NaF, and 1 mM caffeine and incubated for 60 min at 30°C. The reaction was stopped by the addition of 0.2 ml of 10% cold trichloroacetic acid, and the release of inorganic phosphate was subsequently measured by addition of a mixture of 1 ml H~O, 0.2 ml H~SO4-molybdate, and 0.08 ml of aminonaphtholsulfamic reagent. The absorbance was read at 660 nm 15 rain later. 1 U of phosphorylase a is the amount of enzyme that liberates 1 ~mol of inorganic phosphate per minute at 30°C.
Synthetase a and total synthetase were determined as described by Thomas, Schlender, and Lamer (1968), and De Wulf and Hers (1968) . Briefly, 20 or 30 p~l of retinal homogenates was incubated at 30°C with 180 ~1 of reagent containing glycyl-glycine 0.05 M (pH 7.4), UDPG 1 mM, UDPG-14C (~200.000 cpm/ml), 1% glycogen, 1 mM EDTA, 10 mM Na~SO 4 for synthetase a determination or with 180 ~1 of reagent containing Tris HCI 0.1 M (pH 7, 8), 0.5% glycogen, EDTA 4 raM, glucose-6P 5 raM, UDPG 5 raM, UDPG-14C (~200.000 cpm/ml) for the determination of the total amount of synthetase. After 60 rain of incubation, 170 ~1 was spotted on Whatman paper ET 31 and plunged immediately into cold 66% ethanol. Then the papers were washed three times in cold 66% ethanol, then washed in acetone, dipped in diethylether, and dried before counting by liquid scintillation.
cAMP Determination
We used a modified version of the [3H]adenine method first described by Shimizu, Daly and Creveling (1969) . Briefly, this method consisted of incubating a slice of retina maintained in the dark in Ringer containing 400 p~Ci/ml of (8)[3H]adenine (~ 17.4 p~M, specific activity 23 Ci/mmol, Amersham Corp., Arlington Heights, IL) for 60 min. Thereafter, the slice was rinsed and then superfused for 15 min with oxygenated Ringer solution containing 100 I~M 3-isobutyl-l-methylxanthine (IBMX) under various experimental conditions: darkness, light flashes, addition of forskolin, or DNP. At the end of this period the slice was frozen, lyophilized, dissected, homogenized by sonication in 300 ixl TCA 5%, centrifuged, and extracted five times by diethylether saturated with H20 in order to remove TCA. Four slices per experimental condition were pooled together in order to increase the volume of the tissue sample. The extracts were iyophilized, and then resuspended in 100 I~1 H20 and analyzed by reverse-phase HPLC at 22°C using a Li-Chrosorb RP-18 5 ~m column (Merck & Co., Rahway, NJ). The flow rate was 1 ml/min and the elution solvent was a mixture of Na,~HPOa 0.05 M, tetrabutylammonium phosphate 0.005 M in PICA reagent from Waters Associates, Milford, MA (pH 6.8).
Light Stimulation
The superfused slice was stimulated either with intense 50-ms light flashes presented to the retina every 4 s or continuous light. The optical arrangement and calibration of light stimuli have been described in detail in previously published papers (Tsacopoulos and Poitry, 1982; Jones and Tsacopoulos, 1987) .
Microelectrodes and Calculation of the Oxygen Consumption (Q02)
The techniques of making O2-sensitive microelectrodes and calculating QO 2 from PO 2 changes in a superfused slice have been described in Tsacopoulos et al. (1981) and Tsacopoulos and Poitry (1982) . The [K +] measurements were made as described by Coles and Tsacopoulos (1979) .
RESULTS
HPLC Analysis of the Homogenates after Incubation in Ringer Carrying [ 3H]Glucose
Fig. 2 A shows the chromatogram of two samples of homogenate: one was made after 15 min of incubation and the other after 60 min. Most of the radioactivity in the retina was in nonphosphorylated glucose and glycolytic products. The distribution among the different peaks changed as a function of time of incubation. For example, after 15 min of incubation a large proportion of the total radioactivity in the homogenate was still in glucose. However, after 60 min of incubation the major part of the radioactivity was in the disaccharide trehalose. As mentioned in Methods, ~ 2% was incorporated in glycogen. In the experiments that we describe below, the incubation time was 60 rain.
Effect of Light Stimulation on Incorporation of [ 3H]Glucose into Glycogen
Retinas loaded with [3H]glucose were transferred to a different chamber and superfused with glucose-free Ringer solution. Under these conditions, light stimulation with intense light flashes for 15 rain induced an increase in the incorporation of
[SH]glycosyls into glycogen (Fig. 3A ) . Stimulation with continuous light for 15 min had a similar effect (Fig. 3 A) . Measurements of the activity of enzymes of glycogen metabolism in dark-adapted retinas and in retinas receiving 15 or 60 min of light stimulation showed no covalent modification of either phosphorylase or synthetase induced by light stimulation (Fig. 3 B and Table I In the control, the slice was immediately frozen after incubation, whereas in the two other experiments the slice was superfused for 20 rain with substrate-free oxygenated Ringer, either in the dark or while stimulated with light flashes.
longer periods (30 and 60 min) caused a drop of [SH]glycosyls incorporated into glycogen (Fig. 3A) . After 60 min of stimulation, radioactive glycogen in the stimulated retinas was significantly less than in the control retinas. Since phosphorylase was not covalently modified ( Fig. 3 B) , this decrease was probably due to the prolonged stimulation of glycolysis leading to a faster decrease of the available (Fig. 3 A ) . Longer superfusions (30 and 60 min) caused little additional drop in the radioactivity incorporated into glycogen. Because the labeled glycogen was a very small fraction of the total glycogen, the measurements were not precise enough to allow an accurate determination of the curve describing the decrease of [3H]glycogen as a function of time of superfusion in the dark. Extrapolating from the biochemistry of the Enzyme activity measured in slices prepared the same week, in September. This is mentioned to stress that basal activity can be different during various periods of the year. Each value is the average of measurements made in three different batches, each containing four slices prepared and treated individually. This experiment was repeated in November and December. The results were similar in that there was no difference in enzyme activities between controls and retinas treated with light, DNP, or forskolin.
mammalian liver, we initially thought that this drop was due to the activation of phosphorylase a when the retina was transferred from the incubation medium containing 24 ~M of glucose to the glucose-free Ringer solution. The activity of phosphorylase a was 20-30% lower than in glucose-free solution when the retina was superfused for 30 min with Ringer containing 20 mM glucose (Fig. 3 B ) . However, with 1 mM glucose in the superfusate (i.e., still 40 times more than in the incubating solution), a covalent modification of phosphorylase a had not detectably decreased. This result is difficult to reconcile with the above formulated hypothesis. We think rather that superfusion with glucose-free Ringer exerts a "pull" effect on [3H]glycosyls (see Discussion). Radioactive glycosyls are the ones at the ends of the glycogen and the first to be removed when glucose concentration is decreased (Devos and Hers, 1979) , so a small change in total glycogen leads to a disproportionate reduction in radioactive units. In another experimental condition (45-min incubation in Ringer containing 80 mM of glucose and 250 ~M of [all]glucose) the retina still contained large amounts of nonphosphorylated glucose for a long period of superfusion with glucose-free Ringer solution. In this experimental case there was no decrease of the radioactivity incorporated into glycogen after 30 and 60 rain of superfusion, but rather a small increase (results not published).
The results depicted in Fig. 3 clearly show that photostimulation of the retina induces a significant rise of glycogen turnover. Light stimulates only photoreceptors (Muri and Jones, 1983; Jones and Tsacopoulos, 1987) and the absorption of light by screening pigments in the pigmented glial cells does not induce electrical signals (Coles and Schneider-Picard, 1989 ) nor increase of glycogen turnover (Evfiquoz et al., 1983) . Furthermore, in the present work, stimulation of slices loaded with [3H]glucose with light intensities below the threshold of inducing a measurable AQO 2 in response to individual flashes (about I/Io =-3.6 log; see also Tsacopoulos and Poitry, 1982) did not cause any change in radioactive glycogen relative to darkadapted slices. Since the phosphorylation of glucose and glycogen metabolism most likely occur in the glia the following question was of interest: what is the signal between the phototransformed rhodopsin in the photoreceptors and glucose metabolism in the glia?
K ÷ Movement as Metabolic Signal
The stimulus-induced changes of K + activity in the drone retina have been studied in detail in our laboratory using K+-sensitive microelectrodes (see Coles and Tsacopoulos, 1979; Coles and Orkand, 1983; Coles and Schneider-Picard, 1989) . During repetitive stimulation with light flashes for 90 s there is a net increase of intraglial [K ÷] of ~ 10 mM, which is a small relative increase since the intraglial [K ÷] is ~ 132 mM (Coles, Orkand, Yamate, and Tsacopoulos, 1986 ). An experimental increase in bath [K ÷] from 7.5 to 18 mM causes a depolarization of the glial membrane and an increase in intraglial [K ÷] in the dark as large as that induced by repetitive light stimulation of the photoreceptors (Coles and Orkand, 1983) . This uptake of K ÷ by glial cells explains why during exposure of a superfused slice to high K ÷ for ~ 20 min, [K+] o rises slowly and does not reach the value applied in the bathing solution (see Coles and Schneider-Picard, 1989) .
We explored the metabolic effects of bath K + in the dark, using the same protocol as in the experiments with K+-sensitive microelectrodes. Increasing [K +] in the bath from 10 mM (about the normal concentration in the extracellular space) to 20 mM had in the dark a negligible effect on the QO 2 of photoreceptors. A small and slow increase of QO~ was recorded when [K ÷] in the bath was higher than 40 raM. A representative recording is shown in Fig. 4 and compared with the AQO 2 induced by repetitive stimulation of the same retina with light flashes: AQO~ caused by superfusion of the retina with 50 mM [K +] is ~ 1/25 of that induced by repetitive stimulation. The small increase of QO 2 is possibly due to a small rise in the intracellular concentration of Ca 2+ in the photoreceptors as a consequence of membrane depolarization (for the role of Ca +, see Fein and Tsacopoulos, 1988) .
To test the effect of raising K ÷ on glycogen turnover, we used 20 mM K +, which causes intraglial [K ÷] to rise as much as during repetitive light stimulation (see Coles and Orkand, 1983) , and produces maximal increase in 3H-2DG uptake and incorporation into glycogen (Pentreath and Kai-Kai, 1982) . Additionally, as 20 mM of K ÷ has very little effect on the QO2 of the photoreceptors, it could in principle be used to The thickness of the slice was ~250 ~m. QO 2 was calculated from PO 2 by computer using fast Fourier transforms, as described in Tsacopoulos and Poitry (1982) .
separate the effect of QO 2 on glycogen turnover from the direct effect of K + on glycogen. The results presented in Fig. 5 show that raising [K+] o in the dark from 10 to 20 mM had a negligible effect on the intraglial glycogen turnover. We have already shown that exposure of retinal slices to 50 I~M DNP caused a rise of QO2 in the dark equivalent to that caused by repetitive light stimulation (see Fig. 6 ofTsacopoulos et al., 1987) without affecting [K+]o (not shown). In Fig. 5 we present the effect of 50 I~M DNP on [~H]glycogen. The effect is similar to that induced by light: after a transient rise in radioactivity incorporated into glycogen, there is a significant decrease (relative to the dark) after 60 min of exposure. During long exposures to 50 txM DNP (Fig. 6) , PO 2 measured locally in the retina tended to recover towards the baseline but did not reach it after 60 min (longest exposure in these experiments). This indicates that QOz during the effect of DNP is much higher than in the control (see Tsacopoulos et al., 1981) . Thus, an increase of QO 2 of the Repetitive stimulation of the retina with light flashes for 15 min (starting immediately after incubation) caused a 50% decrease of the content of all labeled adenines, probably because the turnover of adenosides is greatly increased by such a stimulation. There was also a decrease in the amount of [SH]cAMP. However, as in the retinas maintained in the dark, radioactivity in [3H]cAMP was 0.2% of the radioactivity in [3H]ATP. Consequently, this long-lasting stimulation did not cause a net rise in the formation of labeled cAMP in the drone retina (Fig. 7 C) . We could have missed a transient rise of cAMP induced by light, so we did experiments in which the retina was stimulated for much shorter periods, either 4 or 47 flashes presented to the retina every 1.3 s. About 50 ms after the last flash the retina was shock-frozen. (Fig. 7 D) . In contrast, exposure of the retina for 15 min to 100 IxM forskolin induced nearly a sixfold rise of [SH]cAMP without affecting significantly the amount of radioactivity incorporated in ATP (Fig.  7 E) . To a lesser extent, exposure to 50 IxM DNP caused a threefold increase in the formation of [3H]cAMP (Fig. 7 F) . However, note that because of the uncoupling effect of DNP on mitochondria, less [SH]ATP is formed than in the control. The effect of forskolin indicates that the drone retina has an adenylate cyclase system that can be activated (see review by Seamon and Daly, 1986) . It was therefore important to compare the effects of forskolin and light on glycogen metabolism. This is shown in Fig. 8 . Exposure of the retina to 100 I~M forskolin for 15 min mimics the effect of light stimulation. As shown in Table I , this activated incorporation of [3H]gtycosyls occurred without a significant covalent modification of either phosphorylase or synthetase. In contrast, after 60 min of exposure to forskolin the radioactivity incorporated into glycogen was not different from that in the dark. For this reason, it is important to note that we did not observe any measurable effect of 100 p.M forskolin on: light-induced receptor potential,
, glial membrane potential, nor QOv This suggests that the decrease of labeled glycogen after 60 min of photostimulation or exposure to DNP could be related to a sustained increase of QO 2 in the photoreceptors.
DISCUSSION
In this article, we present evidence showing that photostimulation of the isolated drone retina induces an increase of the incorporation and breakdown of [3H]glycusyls into intraglial glycogen, i.e., light induced an increase of glycogen turnover. A similar effect was obtained previously in living drones (Ev~quoz et al., 1983 ). This effect is probably not the consequence of a covalent modification of the two key enzymes of glycogen metabolism, namely synthetase and phosphorylase. Rather, light stimulation seems to exert its effect on the phosphorylation of glucose to glucose-6P and possibly on the rate of cleavage of the disaccharide trehalose to two glucose molecules. In favor of this interpretation is a recent finding showing that repetitive stimulation of the retina caused a 30-40% increase in the formation of 3H-2DG-6P in the glial cells (Brazitikos and Tsacopoulos, 1990 ; see also Tsacopoulos et al., 1988) and also that repetitive stimulation of the retina for 15 min (or longer) increased the rate of cleavage of labeled trehalose (see example in Fig. 3 C) . Since the phosphorylation of glucose to glucose-6P occurs predominately in the glial cells (see Tsacopoulos et al., 1988) and is an obligatory step for the formation of trehalose (Wyatt, 1967) , we hypothesize that trehalose metabolism also occurs in the glia. 3H] glycosyls in the cell that are subsequently incorporated into glycogen. This is the basis of the "push" mechanism proposed on theoretical grounds by El Refai and Bergman (1976) and found experimentally to occur in the starved liver by Van de Werve and Jeanrenaud (1984;  see also recent review by Sugden, Holness, and Palmer, 1989) . Photostimulation of slices superfused with metabolic substrate-free Ringer solution quadruples the O2 consumption (QO2) for long periods (Tsacopoulos and Poitry, 1982; Tsacopoulos et al., 1987; Fig. 4 of this paper) . Quantitative experimental evidence demonstrated that the light-induced AQO~ is tightly coupled to the phototransformation of visual pigment and therefore the light-induced changes of QO2 are likely to occur in the photoreceptors (Jones and Tsacopoulos, 1987) . This was consistent with electron microscopy showing that only the photoreceptors contain significant numbers of mitochondria (also see Introduction). Since photoreceptors contain no detectable amounts of glycogen to maintain this high QO 2 after the isolation of a slice, the glial cells that contain the carbohydrate store of the retina and the capacity to phosphorylate glucose at a much higher rate than photoreceptors, supply more substrate to the mitochondria of the photoreceptors. When photostimulation continues for long periods (up to 60 min) the availability of intracellular [3H]glycosyls is decreased relative to darkness . This should lead to a decrease in the rate of incorporation of [3H]glycosyls into glycogen and thus to the net degradation of [3H]glycogen observed. Of course, this degradation concerns both unlabeled and labeled glycogen (see Devos and Hers, 1979) . We have previously reported that after 2 h of repetitive stimulation the concentration of total glycogen (~56 mg/ml of tissue) decreased significantly by 14 ---4 mg/ml of tissue (mean +-SEM). This amount is sufficient for the carbohydrate requirements calculated from the 02 consumption . Consequently, in this highly compartmented nervous system, there are necessarily metabolic interactions and travelling of signals between photoreceptor neurons and glial cells.
K + as Signal
The K + hypothesis proposed by Kuffler and Nicholls (1966) seemed applicable first of all because measurements of K + with microelectrodes in a variety of nervous tissues showed that neuronal stimulation induces large and rapid increases of [K+] o (see review by Walz, 1989) which could mobilize nutrients from the glycogen-rich glia to the neurons (Kuwabara and Cogan, 1961 ; Lajtha, Maker, and Clarke, 1981) . The K + hypothesis appeared in textbooks and reviews as a paradigm, even though the experimental demonstration was ambiguous or even negative (see recent reviews: Vernadakis, 1988; Walz, 1989) . Supporting experimental evidence was reported by Orkand, Bracho, and Orkand (1973) and later by Salem, Hammerschlag, Bracho, and Orkand (1975) showing that raised extracellular [K +] affects the oxidative metabolism and [~4C]glucose uptake by glial cells in the glial preparation obtained from axotomised optic nerves of Necturus. It is difficult however to compare these results with ours since in the axon-free preparation glial cells had both glycolysis and mitochondrial respiration. Recently Pentreath and Kai-Kai (1982) reported results from experiments performed on isolated ganglia of snails, showing that electrical stimulation of nerves outside the ganglia or elevation of K ÷ induced an increase of uptake and incorporation of 3H-2-DG in glycogen. The authors concluded that the increase of 3H-2-DG metabolism during neuronal stimulation was mediated by K +. This conclusion is in contrast with the experimental results presented in this paper that have been obtained in another invertebrate nervous system. Raising extracellular K + in the dark to a level that causes depolarization of glial cells of the drone retina and increase of intraglial [K +] equivalent to that induced by repetitive light stimulation did not mimic the effect of light on either oxidative metabolism of photoreceptors or intraglial glycogen turnover. Increasing extracellular [K ÷] in the snail ganglia probably depolarized the neuronal synapses, thus causing the release of neurotransmitters or other hormones that secondarily affected the neuronal and glial metabolism. Another possibility could be that in the ganglia, a K+-induced depolarization causes a large rise of intracellular [Ca2+], which in turn activates neuronal metabolism (Ritchie, 1973; Hof et al., 1988) . In the invertebrate photoreceptors there are also voltage-sensitive Ca 2+ conductances (for the glial cells this is not known), but the rise of [Ca2+]i, when it occurs, is mainly the consequence of release from intracellular stores (see review by Fain and Lisman, 1981; and Ziegler and Walz, 1989) . This provides a possible explanation for the finding that the tight-induced rise of QO2 is much higher than that induced by 50 mM [K +] in the bathing solution (see also Fein and Tsacopoulos, 1988) .
The cells in which the effect of K + on the activities of glycogen enzymes has been studied in detail are hepatocytes (Hue, Bontemps, and Hers, 1975) . Increasing the concentration of K + (replacement of Na + by K +) in the incubation medium from 0 to 80 mM primarily inactivates phosphorylase. A further increase of [K +] concomitantly activates synthetase. This activation of glycogen synthetase in high [K +] is secondary to the inactivation of phosphorylase. In the nervous system of the superfused drone retina, prolonged stimulation failed to induce any change in the activities of phosphorylase or synthetase despite a substantial increase of intraglial [K+] . This was intriguing since the basal activities of glycogen enzymes in liver and drone retina measured with the same method in the same batch of samples were similar. In addition, exposure of drone slices to 20 mM of glucose caused, as in liver, a small but significant inhibition of phosphorylase and a concomitant activation of synthetase. It is noticeable, however, that a subtle allosteric activation of glycogen enzymes would be undetectable by the method used here because the exact intracellular environment could not be maintained in vitro. Our interpretation of the results presented in this paper is that the signal between photoreceptor neurons and glial cells is not K +, and whatever this signal is, its targets are not the enzymes of glycogen metabolism, but rather, glycolysis and the rate of glucose phosphorylation.
cAMP as Signal
It is well established that the increase of the concentration of cAMP induces phosphorylation and therefore covalent activation of phosphorylase and synthetase (see review by Krebs, 1981) . Despite the absence of an effect of light stimulation on the covalent modification of the enzymes of glycogen metabolism in the drone retina, there were still good reasons to consider intracellular cAMP as the key step in metabolic signaling between photoreceptor neurons and glial cells. First, in a nervous preparation without synapses, the squid giant axon, it has been reported that the Schwann glial cells respond electrically to a number of transmitter molecules, including carbachol, octopamine, VIP, and glutamate (Evans, Reale, and Villegas, 1986; Abbott, Hassan, and Lieberman, 1988) . Classically these neurotransmitters induce their effects through a rise of cAMP (see review by Rasmussen and Goodman, 1977) . Second, it has been shown, at least in yeast cells, that the rise of cAMP, induced for example by exposure to DNP, causes the activation of trehalase (Thevelein, Beullens, Honshoven, Hoebeeck, Detremerie, Griewel, Den Hollander, and Jans, 1987) , which is the specific enzyme for the cleavage of trehalose to two glucose molecules. The effects of forskolin and DNP on the cAMP content and glycogen metabolism of the drone retina presented in this article were consistent with the cAMP hypothesis. Inconsistent with the hypothesis was the absence of a measurable rise of cAMP upon photostimulation and the experimental evidence showing that exposure to forskolin and DNP did not induce covalent modification of phosphorylase and synthetase despite a significant rise of intracellular cAMP. One possible explanation of the results could be that trehalase and/or hexokinase can be activated by cAMP, which in turn induces a rise in the availability of [3H]glycosyls to be incorporated in glycogen. However, in physiological conditions, the activation of glucose phosphorylation in the glial cells should be a cAMP independent process. In this context it is of interest that recently Pearce, Morrow, and Murphy (1988) presented evidence showing that in cultured astrocytes the incorporation of 3H-2DG in glycogen is affected by two metabolic systems: the activation of protein kinase C by phorbol ester and the activation of adenylate cyclase by forskolin.
Presently, we favor the exploration of the hypothesis that after light stimulation, a change in the gradient of the substrate between the mitochondrial surface in the photoreceptors and glial cytoplasm is a sufficient signal for the observed stimulation of intraglial glucose metabolism.
Comparison with Mammalian Brain
When rodent cortical slices are incubated in a medium carrying [3H]glucose, [SH] glycosyls are incorporated into glycogen (Quach, Rose, and Schwartz, 1978; Quach, Duchemin, Rose, and Schwartz, 1980; Quach, Rose, Duchemin, and Schwartz, 1982; Magistretti, Morrison, Shoemaker, Sapin, and Bloom, 1981) . Addition of a potent neurotransmitter (histamine, serotonin, VIP) in the incubation medium induced (in the presence of [SH]glucose) a rapid fall of [SH] glycogen. This is in contrast with the observations made in the superfused drone retina and the retina of living drone (Ev~quoz et al., 1983) . In intact rodents, Watanabe and Passonneau (1973) showed that administration of hydrocortisone increases [SH] glycogen turnover without any effect on the interconversion (synonymous to activation) of phosphorylase a and b and synthetase I and D. They concluded that the rate of glycogen synthesis and degradation in the brain is possibly controlled by the fine adjustments of concentrations of metabolites and cofactors. Goldberg and O'Toole (1969) have proposed a similar mechanism. From this point of view, control of glycogen metabolism in the drone retina is similar to that in the brain. The fundamental difference between drone retina and mammalian brain is that the glia of the former contain large amounts of two distinct carbohydrate pools, trehalose and glycogen, that draw glycosyls from the same source, the glucose-6-P. When [SH] glucose enters glial cells it is transformed to [SH]glucose-6P which in large part is used to make [SH]trehalose, with only a small fraction being incorporated into glycogen. When the photoreceptor neurons are stimulated they send a signal to the glial cells that stimulates the phosphorylation of glucose. Thus, glial metabolism meets the carbohydrate requirement of the 02 consumption of photoreceptor neurons. The existence of two distinct intracellular pools of carbohydrate provides a powerful security system for the maintenance of the oxidative metabolism of the photoreceptors, important for the functional integrity of these cells (Baumann and Mauro, 1973; Dimitracos and Tsacopoulos, 1985) .
